Ethanol oxidation rate in high pressure steam at the pressure of 10 MPa in the temperature ranging from 430 to 490 °C was studied with the fuel equivalence ratio of 0.4. On the assumption that the reaction order is first order, the reaction rate parameters obtained in the experiments are 10 11.6 ± 0.4 s -1 for the pre-exponential factor and 166.5 ± 6.1 kJ·mol -1 for the activation energy. This ethanol oxidation rate in high-pressure steam was equivalent to that in supercritical water oxidation of ethanol. Liquid products were acetaldehyde and acetic acid and gas phase products were carbon monoxide, carbon dioxide, methane and ethane. A parallel reaction network of first order model well described the characteristics of the ethanol decomposition to acetaldehyde and acetic acid. Utilisation of the high-pressure steam oxidation process can overcome the problem of pressure tightness of the reactor in supercritical water oxidation, and the process can be employed in practical facilities.
Introduction
Hydrothermal oxidation processes have been widely studied and applied to an extensive variety of waste materials. The oxidation can be conducted in water at conditions above or below the critical point of water (T c = 374.2 °C, p c = 22.1 MPa). The oxidation in water at a condition above the critical point is known as supercritical water oxidation (SCWO) (1) , while the oxidation using water at a condition below the critical point is referred to as subcritical wet oxidation (WO) (2) . Especially, subcritical WO in the vapour phase is known as high-pressure steam oxidation (HPSO).
SCWO is a promising technology, useful to eliminate a wide range of problematic wastes from a broad variety of industries. However, its commercial development has been hindered by the problems of corrosion, salt precipitation and pressure tightness for the reactor. Since the inception of the SCWO process (3) , (4) , many researchers have proved its effectiveness and have studied the reaction kinetics involved. As a result, a significant amount of information describing reactions in this environment has been accumulated. On the other hand, subcritical WO is also a well-established technique for waste material treatment, especially when organic wastes are too diluted by water to be incinerated (5) . Since 1960, numerous researchers have studied the kinetics involved in the subcritical WO environment. Some waste substances are hydrolysed in subcritical water to produce miscible substances such as alcohols and fatty acids (6) , (7) . Moreover, the literature (8) , including specific description of subcritical WO reaction mechanisms, states that stable intermediates in WO of waste materials are mainly methanol, ethanol and acetic acid. Particularly, ethanol (C 2 H 5 OH or EtOH) is among the simplest compounds that contain C, H and O atoms, all of which are prevalent in waste materials, and also easy to handle in experiment for its non-toxicity. Therefore, in this study, ethanol was selected as a model reactant for wet oxidation at subcritical conditions. The reaction rate for subcritical WO of ethanol was measured by Hirosaka et al. (9) using first-order assumption. They reported the estimation of capacity for ethanol oxidation in subcritical water as a heat source. At the same time, Hirosaka (10) and Koido (11) have worked on the numerical simulation of the behaviour of reactive flow in the reactor. These studies have been implemented with a single step reaction rate of reactants considering decomposition of ethanol into acetic acid. At the same time, Koido et al. (12) elucidated that the subcritical WO of ethanol was well described by the consecutive reaction network:
However, most of investigations for the oxidation in subcritical water were conducted below the temperature of saturated vapour. The features for the oxidation above the temperature, or HPSO, are almost unknown. In this study, oxidation rate of ethanol in high-pressure steam were experimentally obtained at the pressure of 10 MPa and the temperature ranging from 430 to 490 °C with the fuel equivalence ratio of 0.4. Liquid phase and gas phase products were also analysed qualitatively and quantitatively.
Experimental apparatus and procedures
Experiments of the oxidation in high-pressure steam were conducted in a flow type reactor. A schematic illustration of the continuous flow reactor system is shown in Fig. 1 . All tubes from the pumps to the back pressure regulator and the reactor were made of SUS316. The reactor was selected from several straight tubes with different lengths and different diameters in order to control the residence time of reactant: 80 and 130 mm in length with i.d. of 9.5 mm and 90, 150 and 200 mm in length with i.d. of 4.0 mm. The oxidant was prepared by dissolving hydrogen peroxide (H 2 O 2 ) into distilled water in one feed tank. Another feed tank was loaded with ethanol aqueous solution. The two feed streams were separately pressurised by two high-pressure metering pumps and then preheated in an electrical tubular furnace. In order to assure that H 2 O 2 is completely decomposed into O 2 and H 2 O, the oxidant was preheated through 2.7 m long coiled tube with 1.8 mm i.d. fixed in the tubular furnace "Heater 1" shown in Fig. 1a . According to the study of Croiset (13) , H 2 O 2 could be completely decomposed in the preheating tube for various experimental conditions of this study. Ethanol feed stream was preheated through 2.0 m long coiled tube of 1.8 mm i.d. fixed in the tubular furnace, "Heater 1". After preheating in the "Heater 1", the oxygen aqueous solution was injected into the main flow of ethanol aqueous solution at a tee union fixed in the "Heater 2" (Fig. 1b) to enhance mixing of two streams. The temperature at the inlet of reactor, T 1 and that at the outlet of reactor, T 2 , were kept equal, that is, the difference between them was lower than 0.1 °C for any cases in our experiments. Mean values of both temperatures were referred to be reaction temperatures, which were 429.9-490.4 °C. After flowing out from the reactor, the effluent was cooled rapidly in a counter-flow heat exchanger and afterwards, the system pressure, 10.1 MPa, was reduced by using a back pressure regulator. The product was then separated into liquid and vapour phases. Gas samples were collected in a water pool as shown in Fig. 1 . The liquid and gas samples were analysed by gas chromatographs.
The flow rates for the reactant and the oxidant were 0.5 or 1.0 ml·min -1 . Ethanol and oxygen concentrations at the entrance of the reactor for the experiments were respectively 
Analytical techniques
Liquid phase samples were analysed by a Hewlett-Packard 5890 gas chromatograph (GC), which was equipped with a flame ionisation detector (FID) and supplied nitrogen as a carrier gas. Separation of the compositions was accomplished using a 30 m × 0.25 mm i.d. × 0.25 µm film thickness Pure-WAX column by GL Sciences Inc. The concentrations of unreacted ethanol, acetaldehyde and acetic acid were determined by the GC-FID.
The gas composition was determined by manually injecting 200 µl vapour sample into two GCs, Shimadzu GC-14B and Yanaco G1880. The GCs are equipped with the two columns packed with Porapak Q and with MS-5A and a thermal conductivity detector (TCD). Helium and argon were employed as the carrier gas for the Shimadzu's and Yanaco's GC, respectively. The gaseous sample was analysed using two columns: the column packed with Porapak Q for detection of carbon dioxide and ethane, and with MS-5A for carbon monoxide, methane and hydrogen.
Residence times were calculated by considering the flow rates of the ethanol and oxidiser into the system. On the basis of the mass balance of the materials at the pump and the plug-flow reactor, an equation for the residence time can be obtained in the simple form:
In this equation, the residence time, τ, is calculated from both the volume of the reactor, V R , and the total initial flow rate of the reactant and oxidant at the outlet of the pumps, P v . To determine the residence time, it is assumed that the densities of the reactant and oxidant are the same as the densities of water, which are calculated using the Reference Fluid Thermodynamic and Transport Properties Database (REFPROP ver.8) by National Institute of Standards and Technology (NIST) (14) . 
Results and discussion

First-order oxidation rate of ethanol
The oxidation reaction for this work proceeds in the excess amount of steam media. In addition, the oxidant is rich enough to neglect its concentration in the oxidation reaction rate because the fuel equivalence ratio is 0.4. Thus first-order ethanol oxidation rate is assumed and expressed as
where C is the concentration of ethanol and k is the rate constant. This first-order reaction assumption might be fair, because the order of reaction calculated by fitting an analytical solution of n-th order reaction to the experimental data was ranging from around 0.8 to 1.1 for different temperatures. Figure 2 shows variation of ln(C/C 0 ) against residence time. Data points for each temperature were approximated by a straight line using the least square method. The lines do not pass through the origin, but seem to intersect the x-axis at positive residence times. The x-intercept for each line provides estimation of the induction period, t 0 , and the slope provides estimation of the rate constant, k. Subsequently, the rate constant is plotted against inverse tem- perature as shown in Fig. 3 . The pre-exponential factor and the activation energy for our experiments at 10. 
Kinetic parameters for ethanol oxidation rate in SCW (24.6 MPa, 433-494 °C) were measured by Schanzenbächer et al. (15) . In their research, pre-exponential factor and activation energy were respectively A = 10 11.1 ± 4.5 s -1 and E a = 163.9 ± 3.3 kJ·mol -1 , which are close to the parameters obtained in our experiment as shown in Fig. 3 . On the other hand, the parameters obtained by Koido et al. (12) for lower temperature WO (23. These results show that ethanol oxidation in high-pressure steam is equivalent to SCWO of ethanol, and that utilisation of the HPSO could overcome the problem of pressure tightness of the reactor in SCWO. Based on the principle that reactants with higher oxidation numbers are transformed into products with lower oxidation numbers, ethanol is decomposed into acetaldehyde (CH 3 CHO) and acetic acid (CH 3 COOH) simultaneously. Thus the reaction network in liquid phase can be expressed as follows: (3) On the basis of the network (3), the reaction rate equations and their analytical solutions are given by Eqs. (4)-(6) in Table 1 , where [EtOH], [AAL], [AAC] and t 0 are concentration of ethanol, acetaldehyde and acetic acid and induction period, respectively. Analytical solutions were obtained by integrating rate equations with the initial conditions (7) on the basis of a technique by Rodiguin and Rodiguina (16) .
Reaction products
The global rate constant for ethanol conversion, k 1 + k 2 , and t 0 , were obtained by plotting ln(C/C 0 ) versus the residence time, as discussed above and shown in Fig. 2 . The rate con- [( stants, k 1 , k 2 , k 3 , k 4 and k 5 were calculated by numerical curve-fitting using nonlinear least-squares method. The resulting value of k 5 was almost negligible for each reaction temperature, thus the reaction network (3) is a parallel one. As shown in Fig. 4 , the feature of experimental data at T = 470 °C were well reproduced by this first-order parallel reaction model (3) . Carbon monoxide and carbon dioxide are formed by oxidation of acetaldehyde and acetic acid. The elementary reactions based on the work of Marinov (17) can be also considered as participating reactions. The mechanism was designed to accommodate the chemistry for atmospheric pressure and high-temperature conditions. Rice and Croiset (18) , however, changed the mechanism and added the other elementary reactions to obtain the kinetic model for SCWO of ethanol. The formation reactions: CH + CH (+M) C H (+M) .
The methyl radical is a necessary precursor species to methane and ethane formation. The research for hydrothermal gasification (19) shows that methane originates from water-gas shift reaction, CO 3H CH + + → 2 H O . However, no hydrogen was produced in our oxidation experiments. Thus the water-gas shift and methanation reactions did not occur in the reactions of methane production.
Conclusions
Ethanol oxidation rate in high-pressure steam at p = 10 MPa and T = 430-490 °C was studied under a fuel equivalence ratio of φ = 0.4. The reaction rate parameters obtained were A = 10 11.6 ± 0.4 s -1 and E a = 166.5 ± 6.1 kJ·mol -1 for the first order assumption. This ethanol oxidation rate in high-pressure steam was equivalent to supercritical water oxidation (SCWO) of ethanol at p = 24.6 MPa and T = 433-494 °C, obtained by Schanzenbächer.
Gas chromatographic analyses of products proved that liquid products were acetaldehyde and acetic acid and gas phase products were carbon monoxide, carbon dioxide, methane and ethane. The parallel reaction network of first order reaction from ethanol to the liquid phase products, well described the characteristics of the ethanol decomposition to acetaldehyde and acetic acid. The elementary reactions for gas phase combustion at normal pressure and for SCWO were investigated by Marinov (17) and by Rice and Croiset (18) , respectively. The formation reactions for carbon monoxide, carbon dioxide, methane and ethane proposed by them can also be applicable to the reactions in the high-pressure steam oxidation (HPSO). The water-gas shift and methanation reactions, which are typical reaction during hydrothermal decomposition, did not occur in the methane production reactions, because of the absence of hydrogen. Utilisation of the HPSO process can overcome the problem of pressure tightness of the reactor in SCWO, and the process can be employed in practical facilities.
